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a b s t r a c t
The development of stem cell daughters into the differentiated state normally requires a cascade of
proliferation and differentiation steps that are typically regulated by external signals. The germline cells
of most animals, in speciﬁc, are associated with somatic support cells and depend on them for normal
development. In the male gonad of Drosophila melanogaster, germline cells are completely enclosed by
cytoplasmic extensions of somatic cyst cells, and these cysts form a functional unit. Signaling from the
germline to the cyst cells via the Epidermal Growth Factor Receptor (EGFR) is required for germline
enclosure and has been proposed to provide a temporal signature promoting early steps of differentia-
tion. A temperature-sensitive allele of the EGFR ligand Spitz (Spi) provides a powerful tool for probing
the function of the EGRF pathway in this context and for identifying other pathways regulating cyst
differentiation via genetic interaction studies. Using this tool, we show that signaling via the Ecdysone
Receptor (EcR), a known regulator of developmental timing during larval and pupal development,
opposes EGF signaling in testes. In spi mutant animals, reducing either Ecdysone synthesis or the
expression of Ecdysone signal transducers or targets in the cyst cells resulted in a rescue of cyst
formation and cyst differentiation. Despite of this striking effect in the spi mutant background and the
expression of EcR signaling components within the cyst cells, activity of the EcR pathway appears to be
dispensable in a wildtype background. We propose that EcR signaling modulates the effects of EGFR
signaling by promoting an undifferentiated state in early stage cyst cells.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Throughout metazoan life, adult tissues are in constant ﬂux
between the loss and the replacement of highly specialized cells.
These cells are derived from the activity of adult stem cells. Over the
past decade, considerable progress has been made in our under-
standing of how stem cells are organized. It has become clear that
the speciﬁcation and maintenance of most stem cell populations
depend on signals from their natural cellular microenvironment
(Conover and Notti, 2008; de Rooij, 2009; Ju et al., 2007; Takakura,
2012). For example, blood stem cells in the bone marrow depend on
signals from the mesenchymal osteoblasts, including angiopoietin,
thrombopoietin, and the chemokine Cxcl12 (Luis et al., 2012; Park et
al., 2012). Similarly, gut and skin stem cells depend on signaling via
the highly conserved Wnt pathway (Choi et al., 2013; Krausova and
Korinek, 2014; Lim and Nusse, 2013). Less is known about the
mechanisms that regulate differentiation of stem cell daughters.
When cultured, embryonic stem cells can be induced to differenti-
ate into a plethora of cell types (Keller, 2005). Comparably few
signals that act in situ have been identiﬁed. In mouse skin,
conserved molecules such as p63, Mitogen Activated Protein Kinase
(MAPK), Notch, and β-Catenin are essential for skin cell develop-
ment (Blanpain and Fuchs, 2006; Sotiropoulou and Blanpain, 2012).
The male gonad of Drosophila melanogaster provides an excellent
model for studying the signaling events regulating differentiation
processes. The testis houses two distinct stem cell lineages, a
germline stem cell (GSC) lineage and a somatic stem cell lineage,
called the cyst stem cell (CySC) lineage. Both stem cell populations
are attached to a group of somatic cells at the apical tip, the hub
cells, which serve as an organizing center. Each GSC is enclosed by
cytoplasmic extensions from two CySCs that extend around the GSC
and into the hub. The divisions of GSCs and CySCs are formative,
producing one daughter that remains a stem cell and one daughter
that becomes a gonialblast or a cyst cell, respectively. Gonialblasts
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subsequently become fully enclosed by the cytoplasmic extensions
of two cyst cells. Analogous to mammalian stem cell populations,
Drosophila gonialblasts ﬁrst undergo mitotic transit amplifying
divisions before they differentiate into sperm. Throughout this
process, the cyst cells continue to enclose the germline cells and
co-differentiate with them (Fuller, 1993; Hardy et al., 1979; Zoller
and Schulz, 2012). This developmental sequence is tightly regulated
by signaling between the two lineages. For example, the exit of the
germline cells from amplifying mitotic divisions depends on Trans-
forming Growth Factor-β signaling in the surrounding cyst cells
(Bunt and Hime, 2004; Matunis et al., 1997).
The EGF signaling pathway is involved in embryonic develop-
ment, cancer, stem cell proliferation, and gametogenesis in numer-
ous species (Moghal and Sternberg, 2003; Normanno et al., 2006;
Parrott et al., 2012; Shilo, 2003; Strand and Micchelli, 2013; Wiley
et al., 1995). The enclosure of the germline cells by the cyst cells is
regulated via EGF signaling (Sarkar et al., 2007; Schulz et al., 2002).
Germline cells signal to the cyst cells via Spi, a transmembrane
protein that is activated by the germline-speciﬁc protease Stet.
Once cleaved, Spi stimulates the EGFR on the cyst cells. Mutations
in either spi, stet, or Egfr disrupt germline enclosure and result in a
failure of the germline cells to differentiate. Testes from spi or stet
mutant animals are tiny compared to wildtype testes and contain
tumor-like accumulations of proliferating early-stage germline
cells (Kiger et al., 2000; Schulz et al., 2002; Urban et al., 2002).
Recent ﬁndings further show that the progression of the cysts
(germline and surrounding cyst cells) through the early stages of
spermatogenesis is also promoted by EGF signaling. By studying
genetic backgrounds in which EGF signaling was reduced but not
completely abolished, we were able to show that enclosed germ-
line cells depend on continued EGF signaling for progressing
through all four rounds of transit amplifying divisions. Conversely,
an increase in EGF signaling caused the cysts to initiate terminal
differentiation prior to completing all four rounds of mitosis. These
results implied that EGF signaling provides an instructive signal, or
a temporal signature that guides the progression of the cysts
through the early stages of spermatogenesis (Hudson et al., 2013).
Factors modulating EGF signaling in the gonad have been
identiﬁed by virtue of their genetic interactions with the
temperature-sensitive allele, spi77-20. For example, reducing the
expression of the small monomeric GTPase, rac1, in cyst cells
exacerbated the germline enclosure defects observed in testes of
spi77-20 mutant males (spi/spi-testes) suggesting that Rac1 acts
downstream of the EGFR. Conversely, reducing the expression of
the small monomeric GTPase, rho1, in the cyst cells had the opposite
effect on spi/spi-testes, rescuing the germline enclosure defects. This
indicated that Rho1 acts in a pathway opposing EGF for germline
enclosure. In conjunction with ultrastructural data and protein
binding studies, these ﬁndings suggested that EGF signaling from
the germline cells organizes a differential of Rac- and Rho-activities
in the cyst cells, leading to polarization of the actin cytoskeleton and
directional growth around the germline cells (Sarkar et al., 2007).
EcR signaling regulates the timing of key developmental
transition, such as molting and metamorphosis. The ligands of
the pathway, the Ecdysteroids, are polyhydroxylated compounds
that are synthesized from dietary cholesterol in a multi-step
biosynthetic process that produces 20-hydroxyecdysone (20E).
During larval development, pulses of ecdysone and other ecdys-
teroids are released from the prothoracic gland portion of the ring
gland and further converted to 20E, the most active form of the
ligand, in peripheral tissues (Warren et al., 2006). The prothoracic
gland degenerates early in pupal development and the source of
ecdysteroids in adult ﬂies is not clear (Dai and Gilbert, 1991).
However, 20E is still detectable and active in both the adult male
and female (Brownes et al., 1984; Schwedes et al., 2011). In the
adult male, 20E signaling has been implicated in long-term
memory and male-to-male courtship (Ganter et al., 2011; Simon
et al., 2006). In the adult female, 20E signaling is essential for
oogenesis, long-term courtship memory, and for regulating the
wake-sleep cycle (Carney and Bender, 2000; Ishimoto and
Kitamoto, 2010; Ishimoto et al., 2009; Schwedes and Carney,
2012).
The EcR is a member of the nuclear steroid receptor super-
family that contains DNA- and hormone-binding domains, indi-
cating that it is a ligand-regulated transcription factor. In order to
bind to DNA, EcR forms a heterodimer with Ultraspiracle (Usp), a
homolog of the human retinoid X receptor (RXR). This complex
binds to 20E and also recruits co-regulators, such as Hsp70/90,
Taiman (Tai), and Trithorax-related (Bai et al., 2000; Koelle et al.,
1991; Sedkov et al., 2003; Yao et al., 1993). EcR can bind to DNA
independent of ligand but displays the highest transcriptional
activation when bound to 20E (Braun et al., 2009; Buszczak and
Segraves, 1998; Dela Cruz et al., 2000; Hall and Thummel, 1998).
Within DNA, EcR binds to speciﬁc target sites, known as ecdysone
response elements (Perera et al., 2005; Riddihough and Pelham,
1987). During larval development, the EcR complex induces
expression of a small group of early regulatory genes. During
embryonic and larval development, the complex induces the
expression of Eip74 and Eip75, and at pupariation, also the
expression of Broad-Complex (BrC). The protein products of these
“early genes” repress their own transcription and also activate or
induce the transcription of a larger set of downstream “early-late”
and “late-late” genes, producing a genetic hierarchy of transcrip-
tion (Ashburner and Richards, 1976).
Here, we identify a novel function for EcR signaling in testes,
where it acts antagonistically to EGF signaling. We show that
reducing the production of 20E restored cyst formation and cyst
development in spi/spi-testes. Furthermore, EcR signaling compo-
nents are expressed in cyst cells and reducing EcR signaling
speciﬁcally in cyst cells of spi/spi-testes also resulted in a rescue
of the defects caused by the spi77-20 mutation. While EcR signaling
is dispensable for normal development of the cysts in a wildtype
background, overexpression of EcR in cyst cells induced cyst death.
On the basis of our observations, we propose that EcR modulates
cyst development in the male gonad of Drosophila by promoting
an undifferentiated state of the cyst cells.
Material and methods
Fly Stocks & UAS-Gal4 expression Studies
All ﬂy stocks in this study were raised and maintained on
standard cornmeal molasses medium at room temperature. Fly
stocks used in this study include spi77-20 (Sarkar et al., 2007), the
cyst cell drivers EyaA3-gal4 (Leatherman and Dinardo, 2008) and
C587-gal4 (Hrdlicka et al., 2002), and UAS-dnEcR (Cherbas et al.,
2003). The following ﬂies carrying RNAi constructs, alleles of 20E
synthesis genes, and overexpression constructs were obtained from
the Bloomington Stock Center (The Flybase Consortium, 2003): UAS-
EcRi97 [BL#9326]; UAS-EcRi104 [BL#9327]; UAS-UspiTRiP.HMS01620
[BL#36729]; UAS-Eip74EFiTRiP.JF02515 [BL#29353]; UAS-BrCiTRiP.JF02585
[BL#27272]; UAS-TaiiTRiP.HMS00673 [BL32885]; spo1 [BL#3276]; dib2
[BL#2776]; sad1 [BL#2087]; UAS-dcr [BL#24651]; UAS-EcR-B1
[BL#6469]; UAS-EcR-B2 [BL#6468]; FRT-tai61G1 [BL#6379]; EcRM554fs
[BL#4894]; EcRV559fs [BL#4901]; EcRA483T [BL#5799]; EcRQ50ST
[BL#4895]; EcRW53ST [BL#5604]. All spi mutant ﬂies were raised
and maintained at 26.5 1C. Flies for overexpression of EcR and
expression of RNAi in otherwise wildtype animals were raised at
18 1C and shifted to 29 1C as adult for seven to ten days. P-values
were calculated using Fisher's and chi-squared exact test.
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Molecular Techniques
Total RNA from testes was isolated and puriﬁed using TRIzol
Reagent with the PureLink RNA Mini Kit as described by the
manufacturer. First strand cDNAwas generated using Oligo-dT and
random hexamer primers provided in Invitrogen SuperScript III
First-Strand Synthesis System for RT-PCR kit. Gene-speciﬁc PCR
primers were designed using GeneRunner oligo analysis. PCR
reactions were run on 1% agarose gel to purify products, which
were then excised and puriﬁed using the QIAquick Gel Extraction
Kit and used as a template for secondary PCR to further amplify
products and then sequenced by an Applied Biosystem 3730xl 96-
capillary DNA Analyzer for Sanger sequencing at the Georgia
Genomics Facility. Forward and reverse primers for RT-PCR were
designed from neighboring exons, ensuring that products obtained
were from RNA and not genomic contamination. Additionally,
when products obtained from RT-PCR were sequenced, we noted
no intronic sequences present. The following primers were used in
this study:
Eip74 F: 50-CGCACACAGAAACTACACGAC-30
Eip74 R: 50-CGGATGAGAGTGCGGATGTGAG-30
Eip75 F: 5’–GATGGCCAGCAGAACAAGTCGC-3’
Eip75 R: 50-CTTGTAGGCCTCGTCCATCAGC-30
BrC F: 50-GCAGAGGACACACACAGCCATC-30
BrC R: 50-GTCGTTGGCATTGGCATTGTTG-30
EcR-B1 F:50-CGCGCAGACAACCATCATTCC-30
EcR-B1 R: 50-CTTCGCATCGCAGCTTTCGTTC-30
Usp F: 50-CAGCAGTATCCGCCTAACCATC-30
Usp R: 50-CGACTGTGGAATAGGGACCAA-30
Immunoﬂuorescence and microscopy
Testes were dissected and processed for immuno-staining as
previously described (Schulz et al., 2002). The following hybri-
doma/monoclonal antibodies were obtained from the Develop-
mental Studies Hybridoma Bank, developed under the auspices of
the NICHD, and maintained by the University of Iowa, Department
of Biological Sciences, Iowa City, IA 52242: mouse α-EcR (Aq10.2)
[1:10], mouse α-Eya (10H6) [1:10], and mouse α-BrC (25E9.D7)
[1:10]. Goat α-Vasa [1:500] and rabbit α-Arm [1:500] was
obtained from Santa Cruz Biotechnology. Mouse α-Usp [1:200, a
gift from Dr. Rosa Barrio]; guinea pig α-Tj [1:5000, a gift from Dr.
Dorothea Godt]; and rabbit α-Tai [1:2000, a gift from Dr. Denise
Montell]. Alexa-488-, Cy3-, and Cy5-conjugated secondary anti-
bodies were used at 1:1000 (Invitrogen). Acridine Orange
[1.6:100000] was obtained from Sigma. Tissues were embedded
in Vectashield (Vector Laboratories) and observed using a Zeiss
Axiophot microscope in ﬂuorescent microscopy. Images were
taken with a CCD camera using an Apotome and Axiovision Rel
Software.
Results
Reducing 20E production restored germline differentiation in spi/spi-
testes
To investigate a genetic interaction between EcR and EGF
signaling, we ﬁrst tested if heterozygous mutations in genes
encoding proteins required for 20E synthesis attenuate the germ-
line differentiation defects in a spi77-20 background. In wildtype,
developing cysts of germline cells and cyst cells are always
arranged in a spatio-temporal order along the apical to basal axis.
When testes are stained with the DNA-dye, 40, 6-Diamidino-2-
Phenylindole (DAPI), different stages of germline cells can be
identiﬁed based on their nuclear morphology: early-stage germ-
line cells (GSCs, gonialblasts, and their transit amplifying daugh-
ters, the spermatogonia) have small, brightly stained nuclei (Fig. 1
(A) and (A0), arrowhead) and they are found exclusively in the
apical region (Fig. 1(A)); post-mitotic germline cells, the
Fig. 1. Reduction in 20E production promoted germline differentiation in spi/spi-
testes. (A)–(D) DAPI-stained preparations of testes. Arrowheads point to early-stage
germline nuclei, small arrows point to spermatocyte nuclei, large arrows point to
sperm heads, and asterisks mark the apical tip of the testes. Scale bars: 30 mm.
(A) A whole wildtype testis. (A0) High magniﬁcation of the nuclei in the apical
region of (A). (B)–(D) Type I, II, and III spi/spi-testes, as indicated. Note that the
testes are shown in the same magniﬁcation. (E) Bar graph showing percentage of
Type I, II, and III spi/spi-testes (X-axis) from animals without and with single copy
mutations in genes required for 20E production (Y-axis). Asterisks represent
statistical signiﬁcance in the percentage of Type I testes between spi/spi-testes
and suppressed spi/spi-testes (P-valueo0.0001).
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spermatocytes, have larger, less brightly stained nuclei (Fig. 1
(A) and (A0), small arrows) and are located in the apical region of
the testis basal to the spermatogonia; spermatids are found at the
basal end and have sickle-shaped nuclei (Fig. 1(A), large arrow).
spi/spi-testes display phenotypes of differing severity depen-
dent on the temperature at which animals are raised and main-
tained. When raised at 18 1C, spi/spi-testes appear normal but,
when raised at 26.5 1C, the majority of the spi/spi-testes are tiny
and ﬁlled with small, bright DAPI-stained nuclei (Fig. 1(B), arrow-
heads) (Sarkar et al., 2007). When we introduced single mutant
copies of various 20E biosynthetic genes into the spi77-20 back-
ground, the testes of most animals were longer and contained
differentiating germline cells (spermatocytes and spermatids). To
quantify the effects of reduced 20E production testes were binned
into one of three phenotypic groups: Type I testes (Fig. 1(B)) were
tiny and contained only small, bright DAPI-stained nuclei, indica-
tive of early-stage germline cells; Type II testes (Fig. 1(C)) were
small and contained small, bright DAPI-stained nuclei as well as
large, less brightly DAPI-stained nuclei, indicative of early-stage
germline cells and spermatocytes; Type III testes (Fig. 1(D)) were
long and contained germline cells at all stages of spermatogenesis;
small, brightly DAPI-stained nuclei, large, less brightly DAPI-
stained nuclei, and sickle-shaped nuclei. However, Type III testes
did not appear wildtype, as they still contained clusters of over-
proliferating germline cells (Fig. 1(D), small arrowheads) due to
the presence of the spi-mutation.
As expected, 100% of wildtype testes contained germline cells
at all stages and were thus classiﬁed as Type III testes (Table 1).
Wildtype testes did not contain any abnormally proliferating
germline cells. 74% of the spi/spi-testes were of Type I (Table 1).
A detailed comparison made apparent that reduction of either
spook (spo), disembodied (dib), or shadow (sad) from the spi77-20
background signiﬁcantly reduced the frequency of Type I testes
(Fig. 1(E), Table 1). These results suggest that 20E signaling
opposes EGF signaling in promoting germline differentiation.
Components of EcR signaling were expressed in the cyst cells of adult
testes
We next examined whether components of the EcR signaling
pathway (Fig. 2(A)) were expressed in testes. To detect compo-
nents and targets of EcR signaling at the level of RNA transcription,
we ampliﬁed transcripts from testes dissected from adult wildtype
animals by Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR). When primers speciﬁc for Eip74, Eip75, BrC, the B1 isoform of
EcR (EcR-B1), and Uspwere used in PCR reactions with testes cDNA
as a template, we obtained products of the expected sizes (Fig. 2(B)).
Sequencing of these products conﬁrmed the identity of these
amplicons. In order to determine whether protein products of these
genes are present in cyst cells, we employed commercially available
antibodies speciﬁc for EcR, Usp, Tai, and BrC in immunoﬂuorescence
detection. As a counterstain, antibodies against Trafﬁc jam (Tj) and
Eyes absent (Eya) were used. Tj marks the nuclei of early-stage cyst
cell nuclei, while Eya is expressed at increasing levels in early-stage
cyst cell nuclei and at high levels in all late-stage cyst cell nuclei
(Fabrizio et al., 2003; Li et al., 2003).
We found that EcR signaling components were expressed in
cyst cells. Antibodies speciﬁc for isoform EcR-A were primarily
detected in the spermatocytes (data not shown), while antibodies
against the isoform EcR-B1 decorated the nuclei of Tj-positive cyst
cells (Fig. 2(C) and (C″), arrowhead) as well as Tj-negative cyst cells
(Fig. 2(C) and (C″), arrows). Usp and Tai were also expressed in
early- and late-stage cyst cell nuclei, with a clear co-localization of
Usp (Fig. 2(D) and (D″), arrows) and Tai (Fig. 2(E) and (E″), arrows)
with Eya. BrC, in contrast, speciﬁcally localized to Tj-positive cyst
cell nuclei (Fig. 2(F) and (F″), arrowhead) but not to Tj-negative
cyst cell nuclei, suggesting that EcR signaling is most active at the
apical tip. The BrC expression pattern was not changed in spi/spi-
testes (Fig. 2(G) (G″)).
Reducing EcR signaling in cyst cells rescued spi/spi-testes
Since the EcR pathway appears to be active in cyst cells of
wildtype and spi/spi-testes, we next assessed whether reducing
the activity of EcR signaling components speciﬁcally in cyst cells of
spi/spi-testes restored germline differentiation. Towards this aim,
we expressed RNA-Interference (RNAi) constructs targeting com-
ponents of the pathway with the UAS-gal4 system (Brand and
Perrimon, 1993; Phelps and Brand, 1998). To conﬁne the expres-
sion of the RNA hairpins to cyst cells, the cyst cell-speciﬁc Eya-gal4
Gal4 transactivator line was used. A transgene of the Dicer-2
enzyme (UAS-dcr), which is involved in the RNAi silencing
mechanism, was co-expressed along with RNA hairpin constructs
in order to enhance the production of small interfereing RNAs
(Dietzl et al., 2007). Expressing RNAi constructs against EcR, Usp,
BrC, and Eip74 in cyst cells of spi/spi-testes caused a decrease in the
percentage of Type I testes (Fig. 3, Table 1) and these changes were
highly statistically signiﬁcant (Fig. 3, asterisks). Conversely, expres-
sion of the RNAi constructs in germline cells of spi/spi-testes had
no effect on the phenotype (data not shown). Considering the
substantial rescue of spi/spi-testes by reducing any of the EcR
signaling components or targets in cyst cells, we conclude that EcR
signaling antagonizes the differentiation-inducing EGF signal
within the cyst cells.
Table 1
Reducing 20E signaling decreased the percentage of Type I spi/spi-testes. For each genotype, the total number of testes examined, the total numbers of Type I, Type II, and
Type III testes, and the percentage distribution (Ratio) of Type I, Type II, and Type III testes, respectively, are listed.
Genotype Total Type I Type II Type III Ratio (%)
Wildtype 500 0 0 500 00:00:100
spi/spi 341 253 24 64 74:07:19
spi/spi; spo1/þ 93 31 10 52 33:11:56
spi/spi; dib2/þ 93 31 16 46 33:17:50
spi/spi; sad1/þ 83 5 7 71 06:08:86
spi/spi; Eya-gal4; UAS-dcr/þ 191 111 40 40 58:21:21
spi/spi; UAS-EcRi; UAS-EcRi/þ 162 87 15 60 54:09:37
spi/spi; UAS-Uspi/þ 63 49 2 12 78:03:19
spi/spi; UAS-BrCi/þ 155 110 18 27 71:12:17
spi/spi; UAS-Eip74i/þ 126 94 7 25 75:05:20
spi, Eya-gal4/spi-UAS-EcRi; UAS-dcr/UAS-EcRi 240 30 20 190 13:08:79
spi/spi; Eya-gal4; UAS-Uspi/UAS-dcr 163 12 9 142 07:06:87
spi/sp; Eya-gal4; UAS-BrCi/UAS-dcr 175 30 15 130 17:09:74
spi/spi; Eya-gal4; UAS-Eip74i/UAS-dcr 161 20 6 135 12:04:84
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Fig. 2. EcR signaling components and the target BrC are expressed in cyst cells. (A) Illustration depicting the EcR transcriptional complex and the early response genes. Co-R:
Co-regulators. (B) A photograph of an agarose gel showing the ampliﬁed RT-PCR products, as indicated. The correct band for Usp is marked by an asterisk. (C)–(F″)) Apical tips
of wildtype testes. (C) and (C″) Co-expression of Tj and EcR, as indicated. (D) and (D″) Co-expression of Eya and Usp, as indicated. (E) and (E″)) Co-expression of Eya and Tai, as
indicated. (F) and (F″) Co-expression of Tj and BrC, as indicated. (G) and (G″) Co-expression of Tj and BrC in spi/spi-testes, as indicated. Arrowheads point to early-stage cyst
cell nuclei, arrows point to late-stage cyst cell nuclei, and asterisks mark the apical tip of the testes. Scale bars: 30 mm.
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Reducing EcR signaling restored cyst cell differentiation in spi/spi-
testes
Since proper germline differentiation depends cyst cells, we next
compared how many cyst cells continued to develop in spi/spi-testes
and spi/spi-testes with reduced 20E signaling. In a wildtype testis,
only the apical region that houses the early-stage germline cells
(Fig. 4(A), arrowhead) contains Tj-positive early-stage cyst cell nuclei
(red in Fig. 4(A0)), while the remainder of the testis contains late-
stage Eya-positive cyst cell nuclei (green in Fig. 4(A0)). The cyst cell
cytoplasmic extensions around the germline cells can be visualized
using the membrane marker anti-Armadillo (Arm) and they appear
as a net-like pattern in wildtype testes (green in Fig. 4(B)).
Type I spi/spi-testes, ﬁlled with small, brightly DAPI-stained
nuclei (Fig. 4(C)), contained both Tj-positive and Eya-positive cyst
cell nuclei (Fig. 4(C0)). However, it appeared that more Tj-positive
nuclei and fewer Eya-positive nuclei were present than in wild-
type testis (compare Fig. 4(C0) to (A0)). This suggests that differ-
entiation of the cyst cells was delayed upon strong reduction of
EGF signaling. Furthermore, the cyst cells in spi/spi-testes did not
form cytoplasmic extensions around the germline cells as evident
by a lack of the Arm-positive net-like pattern (Fig. 4(D), note that
Arm was still detected in the apical hub cells). The lack of
cytoplasmic extensions in spi/spi-testes is consistent with previous
observations (Sarkar et al., 2007). Testes from spi/spi mutant
animals that were also heterozygous for a mutation in either of
the 20E biosynthetic genes (spi/spiþreduced 20E-testes) appeared
to contain fewer Tj-positive and more Eya-positive cyst cell nuclei
than spi/spi-testes (compare Fig. 4(E0) to (C0)). To quantify this
effect, we counted Tj and Eya-positive nuclei in the median focal
plane of wildtype, spi/spi, and spi/spiþreduced 20E-testes
(Table 2). The substantial decrease in early-stage, Tj-positive cyst
cells in spi/spiþreduced 20E-testes compared to spi/spi-testes
suggests that reducing EcR signaling enables the cyst cells in spi/
spi-testes to differentiate into a later stage. In addition, Arm-
positive cytoplasmic extensions were apparent (Fig. 4(F), arrows)
in all Type II and Type III spi/spiþreduced 20E-testes, revealing
that germline enclosure was at least partially restored. The same
effects on cyst cell differentiation were observed upon expression
of RNAi-constructs against EcR signaling components speciﬁcally
in the cyst cells of spi/spi-testes (data not shown). We conclude
that, in spi/spi-testes, EcR signaling is limiting the ability of
germline and cyst cells to enter the differentiation program.
High levels of EcR signaling in the cyst cells caused germline death
Unexpectedly, none of the RNAi constructs that restored cyst
differentiation in spi/spi-testes caused defects in germline enclo-
sure, germline proliferation, or cyst differentiation when expressed
in cyst cells of otherwise wildtype testes. The testes appeared
normal by anatomy and the males were fertile, even though the
RNAi hairpin constructs disrupted oogenesis in the female siblings
(data not shown). Likewise, cysts of testes from animals carrying
temperature sensitive alleles of the EcR and shifted to restrictive
temperatures for several days, or cysts from animals expressing
dominant negative versions of EcR in the cyst cells, or cysts lacking
Tai function upon induction of cyst cell clones using mosaic analysis
proceeded through the early stages of differentiation normally (data
not shown). These ﬁndings agree with previous studies suggesting
that EcR signaling is dispensable for spermatogenesis (Morris and
Spradling, 2012) but are surprising considering the strong interac-
tion of EGFR and EcR signaling in this process.
Next, we investigated whether it is possible to induce a
phenotype in otherwise wildtype testes by overexpressing the EcR
in cyst cells. Indeed, overexpression of the isoforms EcR-B1 and EcR-
B2 (cyst cell-EcR-B-testes), but not of isoform EcR-A, using two
different Gal4-transactivators (Eya-gal4 and C587-gal4) had a dras-
tic effect. When wildtype testes were labeled with DAPI and the
germline marker anti-Vasa, small early-stage germline cells were
seen at the tip (Fig. 5(A), arrowhead), larger spermatocytes were
found basal to the early-stage germline cells and along the testis coil
(Fig. 5(A), (C), small arrows), and spermatids with sickle-shaped
nuclei were apparent at the base (Fig. 5(A), large arrow, n¼100).
Cyst cell- EcR-B-testes were much thinner than control testes and
contained few cysts, which were mostly found in the apical region
(Fig. 5(B), arrowhead and small arrows, n450). The remainder of
the cyst cell- EcR-B-testes did not contain Vasa-positive germline
cells (Fig. 5(B)). Massive cell death was detected in cyst cell- EcR-B-
testes on the basis of positive staining with the cell death marker
Acridine Orange (Arama and Steller, 2006). While only 11% of testes
from control animals contained some Acridine Orange-stained cells
(Fig. 5(C), arrows, n¼19), 81% of testes overexpressing EcR-B1 (Fig. 5
(D), arrows, n¼16) and 63% of testes overexpressing EcR-B2 (n¼38)
under the control of the Eya-gal4-transactivator contained many
Acridine Orange-stained cells throughout the testes.
A Terminal deoxynucleotidyl transferase dUtp Nick End Label-
ing (TUNEL) cell death assay revealed that cell death occurred
primarily in the germline cells of cyst cell-EcR-B-testes. Testes
from control animals (n¼50) normally did not show TUNEL-
positive signals (Fig. 5(E)). Only small spots of TUNEL-positive
cells were detected and occurred in less than 33% of the control
testes. Cyst cell-EcR-B-testes (n¼15), in contrast, had several
clusters of TUNEL-positive cells in 85% of the testes. A careful
analysis of these clusters revealed that they were mostly germline
cells, based on the expression of Vasa and the size of the TUNEL-
labeled clusters (Fig. 5(F), arrowheads). 45% of the dying germline
clusters were not associated with Eya-positive cyst cells, while 55%
of the dying germline clusters were associated with cyst cells that
expressed Eya (Fig. 5(F), arrow). We did not detected clusters of
germline cells associated with an Eya-positive, TUNEL-positive
cyst cell. Together these observations suggest that overexpression
of EcR-B isoforms induced germline death, which in turn might
have caused the loss of the associated cyst cells. Massive germline
death was not apparent in spi/spi-testes raised at 26 1C.
Fig. 3. Reduction of Ecdysone signaling components in cyst cells reduced the
percentage of Type I spi/spi-testes. Bar graph showing the percentage of Type I, II,
and III spi/spi-testes (X-axis) of control and experimental animals (Y-axis). Asterisks
represent statistical relevance in the percentage of Type I testes between spi/spi-
testes and suppressed spi/spi-testes(P-valueo0.0001).
Y. Qian et al. / Developmental Biology 394 (2014) 217–227222
To examine if overexpression of EcR-B caused cyst cell loss,
we labeled control and experimental testes with the cyst cell markers,
Tj and Eya, respectively. Immuno-labeling of testes with Vasa, Tj,
and Arm revealed that the germline was properly enclosed in cyst
cells in wildtype (Fig. 6(A), (A0)) and cyst cell-EcR-B-testes (Fig. 6(B),
(B0)). However, not all of the Tj-positive cyst cell nuclei were
associated with germline and thus appeared as single cell in cyst
cell-EcR-B-testes (Fig. 6(B), arrows). Likewise, we detected single,
Eya-positive cyst cell nuclei in cyst cell-EcR-B-testes (Fig. 6(D),
arrows), but not in wildtype testes (Fig. 6(C)). Eventually, cyst cells
accumulated and were present at excessive numbers in 30% of cyst
cell-EcR-B-testes (n¼47), likely due to the lack of germline. Our
observation that cyst cells were present in cyst cell-EcR-B-testes
shows that overexpression of EcR-B in the cyst cells does not
directly cause cyst cell death. Similarly, only very few dying cyst
cell nuclei were observed in spi/spi-testes raised at 26 1C, with an
average of 2 (72) cyst cell nuclei per testis (n¼20).
Discussion
Previous research has established that signaling from the apical
hub cells via the Janus Kinase signal transducer and activator of
transcription pathway is required and instructive for CySC fate
(Kiger et al., 2001; Tulina and Matunis, 2001). Likewise, signaling
from the germline via EGF is required and instructive for cyst cell
differentiation (Hudson et al., 2013). Here we show that a hormonal
signal, 20E, also plays a role in cyst differentiation. Reducing EcR
signaling by two independent genetic approaches (introduction of a
single mutant copy of 20E biosynthetic genes or expressing RNA
hairpins against the EcR signaling complex and its target genes in
the cyst cells) restored germline enclosure and cyst differentiation
in spi/spi-testes. These ﬁndings reveal that EcR activity severely
limits differentiation in this mutant background. The EcR early
response target BrC was only expressed in early-stage cyst cells but
not in late-stage cyst cells; thus, we propose that EcR signaling
normally acts within the early-stage cyst cells. Importantly, BrC
expression is essentially unchanged in spi/spi-testes, indicating that
EcR signaling operates independently of EGF signaling.
The number of early-stage cyst cells were vastly increased in
spi/spi-testes, but returned to close to normal when EcR signaling
was also disrupted. This observation implies that EcR acts to
Fig. 4. Reduction of EcR signaling in spimutant animals restored cyst cell differentiation. (A)–(F) Apical regions of testes. (A) and (B) fromwildtype animals, (C) and (D) from
spi/spi mutant animals (spi/spi), (E) and (F) from spi/spi mutant animals, heterozygous for sad1 (spi/spiþreduced 20E). Testes are stained with DAPI and cell type-speciﬁc
antibodies, as indicated (for details, please see main body text). Arrowhead points to early-stage germline cells, arrows point to cyst cell cytoplasmic extensions, and asterisks
mark the apical tip of the testes. Scale bars: 30 mm.
Table 2
Reducing EcR signaling in spi/spi-testes decreased the average number of Tj-
positive cyst cells. Genotypes and marked cells, as indicated.
Genotype # Testes Tj-positive cells Tj-negative,
Eya-positive cells
Wildtype 20 42 (712) 60 (720)
spi/spi 25 73 (716) 7 (75)
spi/spiþreduced 20E 20 57 (716) 45 (78)
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prolong the timing of early differentiation steps or to prevent
the onset of differentiation in spi/spi-testes. Despite these striking
effects, loss of EcR signaling in otherwise wildtype testes, forced by
a number of different experimental methods, remained without
apparent consequences for cyst development, conﬁrming that EcR
signaling is not required for normal cyst cell and germline
differentiation. One possible explanation for this lack of phenotype
may be that the EcR pathway acts redundantly with other, yet to
be identiﬁed signals to prevent cyst differentiation. Alternatively,
EGF signaling may be sufﬁcient for regulating early cyst differ-
entiation independently, with the EcR pathway playing an acces-
sory role. According to this view, EcR signaling would bias the
early-stage cyst cells to an undifferentiated state, but this effect
would normally be over-ridden by the independent, instructive
EGF signals originating from the germline cells (Fig. 7). 20E is a
systemic signal, and it is tempting to speculate that it may be
utilized to modulate the production of sperm in response to
physiological parameters by slowing the rate of early-state cyst
differentiation. In testes where EGF signaling is lost or reduced,
EcR signaling would remain unchecked and thus prevent the
normal progression of development.
In contrast to the lack of a testis phenotype upon loss of EcR
signaling, overexpression of EcR in the cyst cells of otherwise
wildtype testes produced a strong phenotype. This ﬁnding conﬁrms
that increased activity of EcR has an effect on the cysts. In our
overexpression experiments, the level of EcR may have been too high
to be attenuated by EGF. This high level of EcR may have blocked or
prolonged cyst cell differentiation in this genetic background. This, in
turn, may have upset the developmental balance between the cyst
cells and the enclosed germline cells, upon which the germline
entered the cell death program. The phenotype produced by over-
expression of EcR in cyst cells is different from loss of EGF. This is not
surprising, as germline cells and cyst cells are normally not asso-
ciated in spi/spi-testes. Furthermore, one would expect EGF to have
additional roles than just attenuating EcR signaling and therefore to
produce a far more drastic phenotype when lost.
Several scenarios can be envisioned for how EcR and EGF
signaling act antagonistically in the cyst cells. For example, both
pathways can affect cell morphogenesis. In the female gonad, loss
of EcR signaling disrupts formation of the cytoplasmic extensions
from somatic cells to early-stage germline cells (Morris and
Spradling, 2012). In the developing leg, 20E signaling appears to
promote the cell shape changes associated with leg morphogen-
esis (von Kalm et al., 1995). A genetic modiﬁer screen revealed that
mutations in Rho1 increased the severity of these defects in leg
morphogenesis, suggesting the possibility that EcR signaling
Fig. 5. Overexpression of EcR resulted in cell death. (A) and (B) Whole testes labeled with the germline marker Vasa and the nuclear marker DAPI. Arrowheads point to early-
stage germline cells, small arrowheads point to empty regions of the testes, small arrows point to spermatocytes, and large arrow points to spermatid heads. (A) A wildtype
testis is ﬁlled with Vasa-positive germline cells in the apical region and along the testis coil, and contains many sperm heads with sickle-shaped, DAPI-positive nuclei at the
base. (B) A cyst cell-EcR-B1 testis contains only a few germline cells in the apical region. (C) and (D) Whole testes labeled for cell death using Acridine Orange. Small arrows
point to dying cells. (C) A wild type testis with only a few dying cells. (D) A cyst cell-EcR-B1-testis with massive cell death. (E) and (F) Apical to mid-testes region showing
developing germline clusters in (E) wildtype, and (F) cyst cell-EcR-B1. Note dying clusters of germline (arrowheads). Arrow points to Eya-positive cyst cell associated with a
cluster of dying germline cells. Asterisks mark the apical tip of the testes. Scale bars: 30 mm.
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promotes activation of Rho1 (Ward et al., 2003). We have pre-
viously shown that the directional outgrowth of cyst cell cyto-
plasmic extensions is organized by a differential of Rho1 and Rac1
activity in the cyst cells, with Rac acting downstream of the EGFR
and Rho1 acting antagonistic to EGF signaling (Sarkar et al., 2007).
Potentially, EcR may affect germline enclosure by regulating Rho1.
A second possible convergence point of the two pathways may
be provided by MAPK, which has been placed downstream of
the EGFR (Lemmon and Schlessinger, 2010). The function of the human
Usp homolog, RXR, depends on phosphorylation (Gronemeyer
et al., 2004; Macoritto et al., 2008; Solomon et al., 1999). In benign
tumors of the uterus, RXR-alpha appears to be phosphorylated
by MAPK, based on a reduction of RXR phosphorylation upon
administering MAPK-inhibitors (Lattuada et al., 2007). In Caenor-
habditis elegans, the Usp homolog was identiﬁed as a target for
MAPK phosphorylation by a computational approach (Arur et al.,
2009). However, potential phosphorylation sites in human and
C. elegans RXR are not present in Drosophila Usp, making it difﬁcult
to predict whether MAPK is involved in regulating EcR signaling in
Drosophila.
Perhaps the most likely scenario is that EGF and EcR interact at
the level of transcriptional regulation of target genes. For example,
the EcR complex or its direct early response genes could bind to
regulatory regions of genes that are either required for the
differentiated or the undifferentiated state of the cyst cells. The
same genes may also be targeted by EGF-controlled transcriptional
regulators. Accordingly, the correct expression of theses genes
would be predicted to depend on an appropriate balance of EcR-
and EGF-controlled transcriptional regulators. As the cysts develop
and the EGF signal becomes stronger, EGF-controlled transcrip-
tional regulators may push the transcriptional proﬁle toward
differentiation functions. In our experiments, reducing EcR signal-
ing in spi/spi-testes may have restored the normal balance
between EGF and EcR signaling and, thus, enabled a more normal
expression proﬁle. Testing this model awaits the characterization
of EGF-regulated target genes in testes of Drosophila.
Fig. 6. In testes with overexpression of EcR, single cyst cells accumulate. (A)–(D0) Apical testes regions, immuno-labeled as indicated. (A)–(B0) Single, Tj-positive cyst cell
nuclei were not detected in (A) wildtype, but were clearly present in (B) cyst cell-EcR-B1-testes. Note, that the germline cells were enclosed by cyst cell bodies (arrowheads).
(C) and (D) Eya-positive cyst cell nuclei were single in (D) cyst cell-EcR-B1-testes, but not in (C) wildtype. Asterisks mark the apical tip of the testes, arrows point to cyst cell
nuclei that are not associated with germline, scale bars: 30 mm.
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